Abstract The aim of the study was to investigate microbial succession in the mushroom supply chain from compost, casing to fruit body formation and mushroom growth to the point of harvest, packing and point of sale. The microbial population dynamics of compost, casing and mushrooms were determined using a plate count technique, denaturing gradient gel electrophoresis (DGGE) and sequencing of 16S and 18S rDNA. Plating revealed greater abundance of bacteria, fungi and yeasts in mushroom compost compared to casing and fresh mushroom samples. The viable count method also showed that bacteria and yeasts increased significantly after harvest and during cold storage. Sequencing revealed a more diverse culturable bacterial population in casing and on the mushrooms than in the compost. Phylogenetic analysis revealed a general trend of grouping of species from the same sources. In contrast, a higher microbial diversity was recorded in compost when using the DGGE method, which reflects both cultural and non-culturable microorganisms. For compost and casing bacteria studied using DGGE, several species formed separate lineages, demonstrating highly diverse communities in these samples. Fungi were shown to be less abundant and less diverse compared to bacteria and yeasts. The study provides baseline knowledge of microbial populations and succession trends in mushroom production systems using viable and non-viable methods. The information provided in this study may be useful for microbial ecology studies and to identify and develop biocontrol systems for pathogen control during production or to enhance pinning stimulation by knowing when to apply Pseudomonas spp. to ensure increased yield. Finally, an insight is provided into microbial survival during cold storage and marketing of mushrooms. Potential antagonistic populations known to prevent spoilage, quality deterioration and extend shelf life are listed in this paper.
Introduction
White button mushrooms [Agaricus bisporus (Lange) Imbach] are produced commercially using two main substrates: compost and casing. The number of mushrooms harvested is affected greatly by microbial population dynamics and the microbial succession taking place during composting (Székely et al. 2009 ). Similarly, the postharvest quality of mushrooms is affected by microorganisms present on the harvested product (Fett et al. 1995) . Therefore, understanding microbial population dynamics of the substrates as well as on the mushroom surface is important to enhance production and retain quality.
Compost is a product of the natural microbial breakdown processes of different substrate materials. Mushroom compost is prepared commercially from grain straw (wheat), animal Electronic supplementary material The online version of this article (doi:10.1007/s13213-015-1091-4) contains supplementary material, which is available to authorized users. manure (from poultry) and gypsum as is used commercially in South Africa (Labuschagne 1995) . Phase I compost where substrates are mixed and self-heated after wetting is characterised by high microbial activity (Miller et al. 1989) , while Phase II compost is the result of aerobic microbial activities under controlled temperature conditions (Straatsma et al. 1994) . Several microorganisms are known to be associated with general composting processes of organic materials and were extensively reviewed by Ryckeboer et al. (2003a) .
Casing medium that covers Phase III (spawn run) compost in mushroom beds harbours saprophytic micro-organisms. Although different fungi and bacteria have been isolated from mushroom casing medium by several researchers (Hayes et al. 1969; Eicker and van Greuning 1989; Fermor et al. 2000) , much of the work done has focussed on bacteria. The role of bacteria in the casing medium is of importance in the process of mushroom fruit body initiation as well as in the initiation of pinning. In this layer, pseudomonads are the bacteria most commonly found associated with mushroom fruit body formation. Saprophytic pseudomonads isolated from casing medium include Pseudomonas fluorescens, Pseudomonas gingeri, Pseudomonas putida, Pseudomonas reactans and Pseudomonas tolaasii (Fett et al. 1995) . Fungi in peat casing medium include Aspergillus, Penicillium, Trichoderma, Geotrichium and Chrysonilia spp. (Labuschagne 1995) . Some of these species are known to cause mushroom diseases or losses.
Pseudomonads can also be isolated from mushroom fruit bodies; these bacteria may either be saprophytic, e.g. P. reactans, or pathogenic including species like Pseudomonas agarici, P. gingeri and P. tolaasii causing discoloration and other symptoms on growing mushrooms (Fett et al. 1995) . The species P. agarici, P. reactans and P. tolaasii have also been reported as being responsible for postharvest browning and decay (Wells et al. 1996) .
Since mushrooms are produced in close physical contact with the casing layer and the compost, the microbial ecology of the substrates could thus be interrelated with the mushroom fruit body surface microflora (Garbeva et al. 2004) . A microbial profile and determination of population-shifts and -succession from the mushroom substrates (compost and casing) to the harvested and packed mushroom product have not been reported before as far as we could determine. The objectives of this study were therefore to (1) investigate microbial succession of dominant species and determine its diversity from commercial casing material to the mushroom fruit bodies and the final consumable product, and (2) examine the phylogenetic relationships between micro-organisms in substrates and the mushroom product. This information will be useful in providing baseline knowledge to develop systems to manipulate microorganisms to enhance pinning, ensure disease control and extend shelf life.
Materials and methods
Compost, casing and mushroom samples Samples (250 g) of compost, casing and mushrooms were collected from a commercial mushroom farm operating on standard production practices. Compost and fresh casing samples were collected aseptically in a randomised design in sterile plastic bags on the day mushroom beds were cased. Casing samples were further collected from the same casing lot and trays at pinning and again at first flush. Mushrooms were harvested from the same trays to measure microbial succession from casing to mushroom fruit body formation. Harvested mushrooms were packed commercially in punnets and wrapped with plastic cling film. Samples were transported back to the laboratory for immediate processing. The commercially packed product was also stored to simulate commercial retail and marketing conditions (4°C storage and sampling after 4, 8 and 12 days) to ensure a farm-to-fork continuum. All samples were collected as two subsamples in eight replicates (i.e. from eight mushroom trays per sampling time) except for mushrooms collected after 12 days of cold storage, in which case only four trays were sampled. The sampling strategy was based on a larger number of smaller samples for a more complete inventory of microbial diversity according to Ranjard et al. (2003) . A summary of the sampled production materials, methodologies and findings is shown in the schematic diagram in Fig. 1 .
Microbial enumeration
Standard I nutrient agar (STD I) and malt extract agar (MEA) (Merck, Modderfontein, South Africa) were used to isolate and culture bacteria, fungi and yeasts, respectively. Ten millilitres of 0.1 % cycloheximide (Sigma-Aldrich, Aston Manor, South Africa) and a capsule of 250 mg chloramphenicol (CAPS Pharmaceuticals, Bromhof, South Africa) were added per litre of STD I and MEA media to inhibit fungal and bacterial growth, respectively. The spread plate technique was used to enumerate microorganisms in the casing and compost substrates as well as the mushrooms. Ten grams of the compost and casing samples were suspended in 90 mL biological agar solution (0.1 % in water) (Merck). A dilution series was subsequently prepared in one-quarter strength Ringer's (Merck) solution, and plated onto STD I and MEA in three replicates. Mushroom samples (25 g) were blended in a sterile stomacher bag with 225 mL 0.1 % peptone buffer (Merck) using a stomacher (®400 Circulator, Lasec, Cape Town, South Africa) for 2 min. A series of dilutions were prepared from the buffer suspension and suitable dilutions were plated. Plates were incubated at 25°C for 7 days. Colonies were counted (total colonies and diversity) and isolations made to obtain pure cultures of representative isolates.
Bacteria and yeast cultures were preserved on their respective media at 4°C and as well as in 15 % glycerol stored at −70°C. Fungi were preserved in double sterile distilled water as well as on agar slants.
DNA extraction
DNA was extracted from pure cultures using a ZR Fungal/ Bacterial DNA Kit (Inqaba Biotec, Pretoria, South Africa) according to the manufacturer's instructions. DNA was extracted using a loopful taken from pure colonies. Total microbial DNAs were extracted for denaturing gradient gel electrophoresis (DGGE) from compost, casing and mushrooms using a ZR Soil Microbe DNA Kit (Inqaba Biotec) according to the manufacturer's instructions, with some modifications. An amount of 150 mL of the above mentioned stomached mushroom suspension was filtered onto sterile filter paper (0.2 μm pore size; Sartorius Stedim Biotech, Goettingen, Germany). DNA was extracted from the filtrate by soaking the filter paper in a lysis solution. To increase DNA yield of all samples, the lysis solutions were disrupted using FastPrep FP 120 (Bio 101 Thermo Electron Corporation, Milford, MA) at 5 m s −1 for 20 s. DNA was finally eluted using 100 μL ddH 2 O. Samples from four mushroom trays (replicates) were used for molecular analysis.
PCR amplification
Enzymatic amplification of the 16S rDNA region was performed using the primers Prun518r 5′ATT-ACC-GCG-GCT-GCT-GG3′ and PA8f-GC 5′CGC-CCG-CCG-CGC-GCG-GCG-GGC-GGG-GCG-GGG-GCA-CGG-GGG-GAG-AGT-TTG-ATC-CTG-GCT-CAG3′ designed for DGGE by Øvereås et al. (1997) and Fjellbirkeland et al. (2001) ) of sample DNA. PCR amplification was performed in an Eppendorf (Merck) thermal cycler starting with 10 min denaturation at 95°C followed by 35 cycles of 30 s denaturation at 94°C, 30 s annealing at 58°C, 1 min extension at 72°C, and a final 10-min extension at 72°C. Fungal and yeast DNA was amplified using the primers ITS3 (5′-CGC-CCG-CCG-CGC-GCG-GCG-GGC-GGG-GCG-GGG-GCA-CGG-GGG-GCA-TCG-ATG-AAG-AAC-GCA-GC-3′) and ITS4 (5′-TCC-TCC-GCT-TAT-TGA-TAT-GC-3′) (White et al. 1990) . PCR was performed as above for bacteria except that the annealing temperature was lowered to 55°C. The amplicons were visualised on a 1 % agarose gel stained with 0.01 % ethidium bromide in a Vilber Lourmat (Omni-Science CC, Randburg, South Africa) gel imaging system.
Denaturing gradient gel electrophoresis
DGGE was performed using a D-Code (Bio-Rad, Rosebank, South Africa) universal mutation detection system. PCR products of 10 μL, each mixed with 3 μL loading dye were loaded onto 40-55 % and 30-60 denaturing gradient polyacrylamide (40 %) gels for bacterial and fungal (or yeast) DNA, respectively. Electrophoresis was performed at 20 V for 10 min to allow gels to acclimatise and then at 70 V at a temperature of 60°C for 17 h. The gels were then stained with 4 μL SYBR Gold nucleic acid gel stain (Whitehead Scientific, Stikland, South Africa) for 1 h in the dark, then visualised and Band excision, purification and sequencing Dominant bands from the resulting fingerprint pattern on the gels were excised under blue light on a Jiffy Lites Blue Light Box (Inqaba Biotec) using a clean scalpel. The excised acrylamide gel fragments containing the bands were placed in sterile 1.5 mL micro tubes, each containing 30 μL sterile double distilled water and stored at 4°C for at least 24 h. A 0.5 μL aliquot of the liquid was then used as a template for reamplification using the previously mentioned primers. The DNA yield was verified by visualising the amplicon on a 1 % agarose gel as mentioned previously.
PCR products were purified with a QIAquick PCR Purification Kit (250) (Qiagen, Whitehead Scientific, Cape Town, South Africa) according to the manufacturer's instructions and sequenced at the University of Pretoria's sequencing unit. Sequences and electropherograms were edited using Chromas (Chromas Lite 2.01, 1998-2005 Technelysium) available online at http://www.technelysium. com.au/chromas_lite.html.
Phylogenetic analysis
A BLAST search was performed for each sequence on the GenBank database and matching hits, with the highest percentage identity and e-values closest to 0.0 indicating a statistically acceptable match, were selected for alignment. The resulting sequences were edited using Contig express (Vector NTI advance 11.0, Invitrogen 2008) and aligned with Clustal X; inserted gaps were treated as missing data. Analysis for phylogenetic relationships was performed based on parsimony using PAUP 4.0b8 (phylogenetic analysis using parsimony). Random addition of sequences (100 replicates), tree bisection-reconnection, branch swapping, MULPAReffective and MaxTrees were used to perform Heuristic searches. Tree length distributions over 100 randomly generated trees were evaluated to assess phylogenetic signals in the data sets. The consistency (CI) and retention indices (RI) were determined for all data sets. Phylogenetic trees were rooted with Nitrospira sp., Agaricus bisporus, and Dipodascus capitatus as outgroups to the remaining taxa of bacteria, fungi and yeasts respectively. In order to determine confidence in the branching points (1000 replicates), bootstrap values were generated, retaining groups with greater than 70 % consistency. Bacterial and yeast nucleotide sequences have been deposited with the GenBank database under the accession numbers JX542612 and JX573203-JX573298. Fungal nucleotide sequences are available in Online Resource 1.
Taxonomic classification
The sequence identity threshold using 16S (bacteria) and 18S (fungi and yeast) rDNA sequences was set at a similarity of ≥99 % for species level and ≥97 % for genus level with reference to GenBank prototype strain sequences (Drancourt et al. 2000; Orgiazzi et al. 2013 ). Sequences having a similarity score of rDNA lower than 97 % as compared to those deposited in GenBank at the time of analysis were classified only at ranks higher than genus (Everett et al. 1999 ).
Statistical analysis
Data distributions of bacterial, fungal and yeast counts were tested for normality using SPSS, Version 20.0 (IBM Corp 2011) with Shapiro-Wilk Test at an alpha level of 0.05. All bacterial data sets were distributed normally. Therefore, bacterial counts of samples of all groups were compared by performing general analysis of variance (ANOVA) using GenStat release 7.22 DE, 2009 (GenStat Discovery Edition 3, http://www.vsni.co.uk). For fungal and yeast counts, few groups (two out of seven and one out of seven for fungal and yeast counts, respectively) were non-normal distribution. Consequently, a non-parametric method-the Kruskal-Wallis test-was conducted using SPSS on fungal and yeast data sets in cases of non-normal distributions. Significant difference between groups was considered at P<0.05 and alpha level of 0.05. Unless referred to as median, all data presentations were mean values. Mean values were used to compare differences between groups of normal distribution while median values were used to compare groups of non-normal distribution. Data sets of non-normal distribution were not included in bar graphs.
Results

Microbial populations on compost, casing and fresh mushrooms
Total bacterial counts were significantly higher for compost samples than for casing and mushroom samples (Fig. 2) . Fresh casing had a lower count than casing at pinning. Least bacteria were found on the fresh mushrooms (log CFU g −1 5.8). Fungal colony counts were lower than those for bacteria and yeasts in all samples. Fungal colony counts were significantly higher for compost (CP) samples (log CFU g −1 5.0) than for casing (CsF and CsP) and fresh mushroom samples (Fig. 2) .
Total colony counts of yeasts were significantly higher for compost than for casing and fresh mushroom samples (Fig. 2) . Compost had the highest yeast count (mean log CFU g −1 5.68) followed by log CFU g −1 4.63 in fresh casing and log CFU g −1 4.62 in casing at pinning. It was interesting to note that the total yeast counts of the two subsamples (data not shown) showed a significant difference.
Microbial populations on postharvest mushroom samples, during storage and retail
There was a significant increase in bacterial and yeast colony counts on mushrooms from picking to 12 days of storage (Fig. 3) . Least bacteria were found on the fresh mushrooms (log CFU g −1 5.8), after which it increased to log CFU g −1 7.6 on day 12. Fungal counts on freshly picked samples were also higher (MF; log CFU g −1 3.3) than those after day 4 (M4; log CFU g −1 2.8) (Fig. 3) . Both the bacterial and the yeast counts increased from freshly picked to day 12, while that of fungi remained the same although a slight decrease was observed on day 4 (Fig. 3) . The average over 12 days was log CFU g −1 7.6 (mean) for bacteria, log CFU g −1 6.33 (median) for yeasts and log CFU g −1 2.8 (median) for fungi.
Pure culture identification using sequencing
Across the board, the culturable bacteria of compost samples showed less diverse phyla than those of casing and mushroom samples. Bacteria in casing samples were more diverse than those in mushroom samples. Bacteria isolated from compost samples were members of two phyla (Actinobacteria and Proteobacteria), while those from casing samples were members of four phyla, Actinobacteria, Proteobacteria, Firmicutes, and Bacteroidetes. Bacteria from mushroom samples were members of the three phyla, Actinobacteria, Proteobacteria, and Bacteroidetes. In all compost, casing and mushroom samples, the phylum Proteobacteria was the most prevalent (Table 1 ). All fungal cultures isolated belonged to the phylum Ascomycota and the three classes Pezizomycetes, Sordariomycetes and Eurotiomycetes. From the class Eurotiomycetes, the genus Penicillium of the family Trichocomaceae was prevalent in compost, casing and mushroom samples (Table 2 ). More detailed BLAST results of All bacterial DNA sequences of dominant DGGE gel bands matched with four phyla, viz. Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria. Members of the first three phyla were extracted predominantly from compost samples while the last phylum, Proteobacteria, originated mostly from casing and mushroom samples. Of the three classes in this phylum, namely Betaproteobacteria, Alphaproteobacteria and Gammaproteobacteria, the latter was the most prevalent. The genus Pseudomonas of the family Pseudomonadaceae and order Pseudomonadales was the most dominant in mushroom samples (Table 3) .
Microbial profile of compost, casing and mushroom samples on DGGE
The compost, casing and mushroom samples displayed distinct bacterial profiles (Fig. 4) . Banding patterns depicted more diverse bacterial species in compost samples than in casing and mushroom samples. The bands also depicted that the bacterial profile of mushrooms had greater similarity to that of the casing than to the compost. Mushroom samples had relatively less diverse but abundant bacterial species than those of the casing and the compost samples.
The DGGE gel of amplified fungal and yeast DNA showed a uniform pattern for compost, casing at pinning and both mushroom (fresh and 8 days stored) samples (Fig. 4) . All these samples were completely dominated by A. bisporus itself. Only the casing samples depicted some yeast and other fungal species (data not shown).
Phylogenetic relationships of cultured and non-cultured microorganisms from compost, casing and mushrooms Bacteria from mushrooms showed phylogenetic relationships with those from both casing and compost (Fig. 5) . The first four big clades of the phylogenetic tree consisted of bacteria from all three sources (compost, casing and mushroom). Generally, bacterial sequences from both cultures and from 
Bacteria
Fungi Yeast Fig. 3 Total mean microbial populations on mushrooms from harvest to 12 days after picking. MF Mushrooms fresh, M4 mushrooms day 4, M8 mushrooms day 8, M12 mushrooms day 12 amplified DNA of DGGE gel bands grouped together in the different clusters (clades 1-4). However, four separate clades (clades 5, 6, 8, and 9) of amplified DNA from DGGE gel bands were formed. In the cluster (clade 3) that consisted of different Pseudomonas species, the majority of members originated from mushroom samples, specifically from amplified DNA of the DGGE gel bands. Almost all DNA sequences of yeasts and fungi were derived from pure culture isolates, since fungal (and yeast) DGGE profiles of samples were dominated by the A. bisporus itself. Penicillium spp. were commonly isolated from compost, casing and mushroom samples. The phylogenetic tree of yeasts formed two clades (Fig. 6) . Clade 1 consisted of sequences predominantly from compost and mushrooms while clade 2 contained sequences from casing except for one from compost.
Discussion
Most microbiological studies on compost and composting reported to date were either not specific for materials for mushroom growing or, if so, they were on phases before spawning. A few studies have been done on spawned mushroom compost; however, information on diversity was not provided. Fordyce (1970) reported mesophilic bacteria in the order of 10 6 -10 7 g −1 for a 3-week spawned compost.
Fermor and Wood (1981) also mentioned a reduction and stabilisation of bacterial numbers in spawned compost following the high number and activity of bacteria in Phase I and II compost; neither study reported on diversity. The present study therefore provides baseline microbial population information on mushrooms, compost and casing material and the resultant mushroom fruit body growth during the production Although compost is known as a nutrient-rich medium, bacterial populations at the end of Phase II composting stage create unfavourable conditions for competitive microorganisms and provide selectivity to A. bisporus (Fordyce 1970; Ross and Harris 1983) . Phase II composting involves conditioning, which is a controlled heat treatment that selectively kills pathogenic micro-organisms. Other non-pathogenic bacteria may remain static at this stage of composting and become active later when the temperature is lowered. This trend was confirmed in our study when comparing the compost casing and mushroom microbial profiles. Bacterial populations of compost were significantly higher than those of the casing and mushroom samples.
In general, the plating method used demonstrated richer microbial population counts in compost samples compared with casing and mushroom samples. It was interesting to note the significant difference in total yeast colony counts between the compost subsamples. This suggested that yeast populations are influenced by homogeneity of samples more than bacteria. Considering the lack of information on the identity and role of yeasts, more studies should be undertaken in this regard.
The casing layer in this study was prepared from peat, which is formed naturally from partially decomposed plant material. Unlike compost, peat is relatively poor in nutrients and decomposed organic matter (Eakin 1969; Abad et al. 1989) . Therefore, it is not unexpected that the total bacterial colony count was significantly lower in the casing compared to the compost. Even so, total bacterial colony counts in casing increased significantly at pinning, although this count was still significantly lower than that of the compost. This significant increase in total bacterial counts from casing to pinning is consistent with previous work (Miller et al. 1995; Siyoum et al. 2010 ). In the cultivation of A. bisporus, compost and casing soil are two major elements; studies have also demonstrated that populations of pseudomonas in the casing layer on which the mushroom fruit body develops play an important role (Riahi et al. 2011) . In most studies, total bacterial populations ranged from log CFU g −1 8.0 to 8.5 casing material and the majority of bacterial populations in casing were attributed to pseudomonas species. According to Riahi et al. (2011) , pseudomonads represented more than 80 % of the bacterial Fig. 4 Denaturing gradient gel electrophoresis images of amplified bacterial DNA derived from compost (CP), casing fresh (Cs) and casing at pinning (CsP) and mushrooms fresh (M) and after 8 days of storage at 4°C (M8) population in the casing layer. Their results also showed that there was a close relation between growth of mycelium and the number of bacteria in casing soil. Sampling of casing soil at different stages of the mushroom-growing cycle further revealed that the number of bacteria increased simultaneously with increased growth of mycelium into the casing soil. Riahi et al. (2011) concluded that the inoculation of native P. putida isolated from casing soil at the primordia formation stage would be very efficient for increasing mushroom yield and quality. Fresh casing samples had lower total colony counts of fungi than in compost samples although the difference was not initially significant. However, at pinning, the total fungal colony count of the casing was reduced to a significantly lower level than that of the compost. Verhoeven (1986) described that, unlike bacteria, fungi do not have a significant role to Sequences from amplified DNA of DGGE bands are represented by a number and the letter B (parsimony informative characters are 450, CI= 0.3260, RI=0.7923, number of trees=100, tree length=765.56992 and gl=−0.265864) play in peat. Like bacteria and fungi, yeast populations were also significantly higher in compost samples than in the casing and fresh mushroom samples. The overall lower microbial counts in casing compared to compost may be attributed to limited energy sources and lack of available nutrients in peat soil according to Verhoeven (1986) .
In our study, there was also a significant increase in total bacteria and yeasts on mushrooms from the time of harvest to 12 days after cold storage, while fungi remained constant. A similar trend for bacteria, yeasts and moulds was also reported by Chikthimmah (2006) . Postharvest spoilage of mushrooms caused by bacteria is well established (Burton and Noble 1993; Fett et al. 1995; Wells et al. 1996) . However, the role of yeasts in mushroom spoilage was not investigated in this study and needs further investigation.
Bacteria isolated from compost were less diverse at phylum and family level than those isolated from casing and mushrooms. Compost bacteria belonged to two phyla and 3 families only while casing bacteria belonged to four phyla and 11 families. The extent of diversity within bacteria isolated from mushrooms lies between that of the two substrates. Cultured bacteria of mushrooms belonged to three phyla and five families. Visual examination of bacterial plates illustrated more uniform colonies for compost and mushroom than for casing samples, which could be attributed to the less diverse families. Our low diversity result of culturable compost bacteria is in agreement with Peters et al. (2000) although they investigated only the thermophilic group. However, work by Ryckeboer et al. (2003b) is not consistent with our result. The reason for this could be the difference in the type of the compost material (vegetable, fruit and garden waste in their case).
Results from our DGGE analysis provided a different profile of bacterial diversity in the compost, casing and mushrooms. Bacterial diversity was highest in compost samples. DNA sequences that were closely related to known cultured species belonged to four phyla for compost samples but to only one and two phyla for casing and fresh mushroom samples, respectively. The difference in diversity results between the culturing and the DGGE methods is understandable. It is known that bacteria that grow in an artificial medium represent only a small fraction (0.3 % in soil habitat) of the total community in the sampled environment (Amann et al. 1995) . Therefore, isolates obtained using culturing methods might not necessarily be the dominant ones in their habitat. Several researchers have reported that some cultured bacteria were not part of the dominant groups shown by DGGE/TGGE (Felske et al. 1999; Ellis et al. 2003 ) and other culture-independent molecular methods (Kaiser et al. 2001; Pearce et al. 2003) . Therefore, in order to have a broader picture of microbial diversity, it is advisable to combine both culturing and nonculturing methods.
Similarly, fungi and yeasts other than A. bisporus could not be detected on the DGGE gel for compost, casing at pinning and mushroom samples. These samples were dominated completely by A. bisporus. In this study, the complete dominance of the mushroom fungal community by A. bisporus itself was likely due to the method used. The DGGE method revealed a broader perspective of members of a community. However, using the plating method, fungi and yeasts were detectable on MEA plates although they were few and of low diversity dominated by the genus Penicillium. This low level of fungi other than A. bisporus is satisfactory, especially in compost. Well prepared compost is produced in such a way that it selectively supports the growth of A. bisporus and is unfavourable for other fungi (Ross and Harris 1983; Camp et al. 1990) .
When comparing bacterial profiles of the compost, casing and mushroom samples using DGGE, compost populations were distinct from those of both the casing and mushrooms. This result is in agreement with Reddy and Patrick (1990) , who isolated similar bacteria from the casing and the mushroom mycelium colonising it. Their results showed that these bacteria were not similar to those isolated from compost. They also concluded that bacterial isolates from compost had no effect on formation of mushroom fruit bodies. Profiles for fresh casing and casing at pinning were similar except that population densities increased at pinning, which is consistent with previous work (Siyoum et al. 2010 ). Both fresh mushrooms and mushrooms stored for 8 days revealed few but dominant bacterial species on their profiles in comparison to casing and compost. These profiles were more similar to that of the casing. Our results suggest that the fresh mushroom surface could be selective to a specific group of bacteria dominated by Pseudomonas species. The whole profile also revealed that most bacteria on the mushroom surface originated very likely from the casing.
It is interesting that almost only Pseudomonas spp. were dominant on the mushroom profiles. On the casing profile, these species were less abundant (less intense bands) compared to what was obtained from the mushrooms. It was also clearly shown that Ewingella americana and certain Pseudomonas spp. increased in abundance while a particular species, identified as a close relative of P. putida, could no longer be detected after 8 days of storage. It is interesting to note that P. putida was abundant on fresh mushrooms but not on stored ones, simulating a ready-to-sell product. This bacterium is well known for its role in fruit body initiation (Hayes et al. 1969; Noble et al. 2009 ) and our results indicated that it was not part of the postharvest spoilage syndrome associated with pseudomonads. The presence of pseudomonads and E. americana in mushrooms is in agreement with reports from different studies. Members of the genus Pseudomonas are well known as saprophytes and pathogens of mushrooms (Munsch and Alatossava 2002; Sivanesan 2003) . The nonpseudomonad bacterium E. americana was also reported on mushrooms as both a pathogen (Inglis et al. 1996) and as a member of the indigenous micro-flora (Choudhury and Heinemann 2006) . Phylogenetic analysis of bacteria from different samplescompost, casing and mushroom-revealed that, generally, species from the same sample source were the most closely related. Nevertheless, it was also noted that some species from all three different sources were phylogenetically related to each other. In addition, five minor separate lineages comprising compost-and casing-inhabiting bacterial species were formed on the phylogenetic tree. These lineages indicate that species from these two sample sources were diverse, and that several of them were not affiliated with known cultured bacteria. Ivors et al. (2000) reported a similar result in which several rDNA sequences from compost samples were unique and not related to previously identified species. Most of the sequences that were not affiliated with known cultured species in our study originated from excised DGGE bands of compost and casing samples. These results suggest that DGGE could reveal species that were not cultured previously and could possibly be novel.
The phylogenetic tree of yeasts from compost, casing and mushroom samples was relatively simple, consisting of two lineages. The first lineage consisted of sequences predominantly from compost samples. Two sequences from mushroom samples were also affiliated with this lineage. The second lineage contained samples from casing and one sequence from compost. The phylogenetic tree for yeasts consisted of sequences from cultured species only, except one sequence from fresh casing sample of DGGE. Our results indicated that yeasts from compost samples were more diverse than those from casing. Four out of six yeast species from casing samples were related closely to Candida sp. including the one obtained from DGGE. The two species were related closely to each other but grouped with the lineage of yeasts from compost samples, although at a distant level.
In samples tested, yeast species originating from compost and casing samples were not closely related, while yeasts from mushroom samples were related closely to those from compost samples. Although this result needs further investigation, it provides some background information on diversity and the relationship of yeasts in compost, casings and edible mushrooms obtained from production, storage and marketing. A significant increase in yeast colonies was recorded after mushrooms were stored, simulating retail practice at 4°C for 4, 8 and 12 days. Little information is available on spoilage of mushrooms caused by yeasts. Koorapati et al. (2004) and Chikthimmah (2006) reported on the control of microbial spoilage after product irradiation. In their experiment, irradiation reduced all microbial counts including bacteria, yeasts and moulds, and prolonged mushroom shelf life. However, it was not clear from their studies whether yeasts also contributed to the spoilage. A general observation in our study (unpublished data) was that spoilage was associated with superficial slimy yeast growth. Future studies should focus on determining the role of yeasts in mushroom spoilage at the retail end.
The unique approach reported in this paper used a combination of methods (cultural and non-cultural) to better understand the microbial dynamics of mushrooms from seeding through growth, postharvest up to ready-to-eat at the consumer end of the supply chain contribute towards a better understanding of what constitutes a healthy edible mushroom. This information can be used in developing national guidelines for total microbial loads of fresh mushrooms within a food safety compliance framework. A total microbial load of log CFU g −1 4.4 to 9.4 has been reported for cultivated and wild mushrooms (Venturini et al. 2011) . Doores et al. (1987) found that bacterial populations during postharvest storage at 13°C increased from an initial load of log CFU g −1 7 to almost log CFU g −1 11 over a 10-day storage period. In our studies, fresh white button mushrooms carried an average bacterial load of log CFU g −1 5.8 increasing to a maximum of log CFU g −1 7.6 when stored at 4°C for 12 days. A normal microflora of healthy mushrooms at the point of harvest can represent a log CFU g −1 4-5, which reflects a healthy climax bacterial community. Bacterial microbial loads can be expected to increase to log CFU g −1 7-9 depending on the storage conditions. In the work done by Doores et al. (1987) an increase in Pseudomonas populations to a log CFU g −1 6 were attributed to quality deterioration and brown blotch development.
